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A13STRACT

A!I analytic expression IR ohtnined for the dlstrtbution of hot electron< ,lC

n function of distance into a cold material ~lmb in which ‘Jr M Y=V-= and . =

+
,.

Yv are the ansumed velocity depe+ndences of the ●nc-Ry lnss collision fren~],’q’”:

and the ecatterin~ colli~inn frequcncv

Rourcp, a time independent sol~ltion exists

lennth l/: ~h~re IF, ~n$ iequnl to (AFA*)

to vF find v.. Th~ clistrflwt inn function at
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1. Introduction

The general problem of energy tranaport In a laaer-produced plasma is

sufficiently complex to require the uae of sophisticated numerical techniques 1-L

to calculate it. However, certain key features may often be ●xhihited in

analytfc ealculation~ of a restricted claas of problems. Here we treat the

problzm of hot ●lectron tranaport from a plane source into a uniform isotropic

medium in which the acatterinR and slowing down collision frequencies art’ assume?

to be simple power-law functions of the individual ●lectron ●nergy. An an~?vtic

●xpre~gion for the veloc$ty distribution ●s a function of po~itlon is ohtain~~

for an arbitrary volume source of hot ●lectrons. The special cnse or ,3 snurre

with a Maxwell Ian velocity distribution and an x-dependence r!iver by a !ltr:I:

delta function is purgued in more detail.

11. Derivation of Equations

We start with the Fokker-Planck ●quation

af
+ V* Vf +il ● 7

rE–
~fm(?.h

3t “cell
+~

G(v) -/ f,(y-) Iy’ -yl tltf’-.
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tne density o.! the plamma through which they are Ptreaming, their interaction

with ●ach other may be ignored and J reduces to
-~

2-J “ - ; vEflf )Ljv+vf -+(v*j -Vuj)fl”vjf (1)

where vEj, Vlj, andvllj are tne energy loos collision rate, the perpendicular

velocity diffu~ion rate and the parallel velocity diffusion rate for hnt

electrons in:eractinR with npecies j. Assume f = f(’x,v,u,t) whc~e X i~ the

spatial coordinate, v is the magnitude of the velocitv u = COS5. and 5 is the

angle between the x-axis .ind the velocity direction. The Fcikker-Planr~ lpnllaj!n.~

then becomes

(.

(-,,

a f. a fn

‘m”+ n”fi-+Jfl
((l)
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where the time derivative in the secc,nd ●quation has been assumed small compared

to V1.

The ordering of the collision frequencies assumed above is appropriate for

intermediate and high z ❑aterials when the effects of the bound electrons are

included. Expressions for these colllgion frequencies differ from the more

famlllar forms for interacting point charges In the factors (A, w Mj) which

account for the screening of the Coulomb potentinl. Formulae for the scattering

rate, for example, may be obtained from Ref. 6. For the energy loss rate, Gene

McCall’ has obtained convenient and accurate expressions by fitting the data in

Ref. 8 with a power law. Taking Au as an example, we have

(
‘1-’

P31[ 2.9yL4 ) Jtfl(R.6x ]~-lfk)
.

with :clltsion fr-auenc~es in sec -1 anrl velocicieq in Cmlsl?c. It ], ~,,, , .

instance vF/v a Cj.nL wh~~h is cons~st,ent with the Orderinc asq~:mp~ ab,n,f(.
.*

At this point we neRlect the velocity dependence in th(, ]nr ter- an~ \IG. t’ ,

following ●xprea3fons for the rolltsion frequencies:

l.lein~ F,q. (6) to ●liminate fl In Fq. (5) WC OhtaIn:



where

2V2
S“(x, v.t) - — S(x, v,t)

YE
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(P)

Using a Laplace transform in time and a Tourier transorm in space, Fq. (7) ma~, h[

solved for f.

(.1,

where

The ?xpre~sl(~n for f ohtnined in this mnnnrr is exact for ~,vrl ~lci[rl~

field (n - eFx/m - O), and th~ effects of n wenk ~lectric firlr! nrv h(, lncl~lf!,,’

by iternt loll.

Because laRer pulne lengths and hvdro tlm~ scnles tend to hr ion}, com;~,lr,’1

to collision tim~s at nesr solid densities, the time tiepeniirnce In the nourcc m,)”

be lRnor@d and the limft, t ● ‘, mny be taken. Asnum!nR a oourr~ wh(~sr ~P:~rc

dependence is 6(x), we obtain
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W

f -#-%-1/2 ~ K exp(-K2x2) S-(u) du
v

(1(J)

where

s“(u) - 2vy E- Vg(u) .

v is a hot electron creation rate and g(u) = (h)-3’2 VH-3 exp~-u2/(2vF2)]

for the special case of a Maxwellian source.

111. Numerical Resllts

A fortran pro.rsrn, shown in the Appendix, has been written to evaluate th,

distribution function using Eq. (10). As a specific example we consider go?? a-,’

a hot ●lectron temperature L’” i@ keY.
7/:

We choose v“ _ 1, and (JFV )’ = : [,
.-

defin~ the dimensionless units used in the calcula?ton. The ratio Or t}!,.

collision frequencies is 50 at 10 kel”, therefore we pick Yr + Cr = !’.2 an? , ●

GP - 5.0. The dimensionless unit of length defined in this manner corres~on ’- !

0.041 ~m at solid density (19,3 R/cml).

The velocity distribution of the ?!axwellisn source is shown in T_ir. 1. ::c

spatial dependence is, of course, a I’)lrar delta f~lnct ion at x = f). rj~,]r,... ~--,

ahow the compute~ value of f as a function of x for v = O.?L, l.nL, and 7.fI.. IC

expected the more ener~etic particles have a broader spatial clistrlh~]t{nn b~IraI~.

of their Rreater range and nmaller enerRv loss rate.

The di~tribution funcrfon, f, as a function of v for x = n, 1.1, an’ $.’ i<

shown in Figs, 5 to 7. The Haxwellian veloclty dependence of ttl( Sflll-ce i~ n

longer present . Thr distrihutfon, in fact, is doninnterl hv th{, v‘-7 factnr in

front of the lnteRral. To nhnu this more clearlv v~-f j< plot to(-! \’< \, i -$

FIRs. R t(-) 11. A function which in flat from v = 0 out to fiom,Icritic;l’ v !C

obtained. For JarRer v the velocity dependence ~f the Sollrcc ~Pnerart=s 3 !1

●xponential cuto~f

Iv. Uiscusofon and Conclusion@

The interaction of hot ●lectrons with a background planmm ia ●nsentlalli! a

linear problem wblch can be eol ved uring tran~form m~tthods. Thp re~ulting

velocity dlotributfon is far from a Plaxwelll~n. The dominnnt velocity d~penrlence

1s a pow~r luw, ●.g. @-3, with the power cl>aelv related to the vel,>rltv
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FiE, 1. The veloc Itv distribution of the Snurre is plotted JIG a

function of v. Itn spntial dependence is a I)irnc delta

function at x _ 0.
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Fig. 2. The computed distribution function at v = ~.2~ is

plotted as a function of position.
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plotted as n function of position.
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Fig. 6. Th~ compucm! rilatrihution funrt!nn at x-l.! {q

ftlnttetl ● s ● function nf velnrltv.



-13-

}

0.8

0,6

(1.4

,,).2

(1.

()

\
●

�� ✎ A

I .

FfR. 7. The computed dlstrlhutfon funrtlnn nt x = ‘I.< l%
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dependence of the ●nergy lees rete. The scale length for the spatial fall off t%

the geometric maan of the ●netgy 10CS mean-free-path and the mcatterin~ mean-

free-path. A code hae been written which can be ueed to ●valuate a wide range of

caees including ●n ●rbitrary velocity distribution for the source.

Entenalms of thie work which might be considered are the inclusion o:

●lectric field ●ffecte, and the ●limir”tion of the aeoumption that the hot

●lectron energy 10 large compared to the temperature of the background plasma so

that thermalization can be ob~erved.

The inclusion of electric field ●ffects makes the problem non-linear.

Iterating

method for

at all.

methodal-4

be ~imilar.

with the linear operator defined in the previous section is a possible

molving such problems. Such a procedure ❑ight converge S1OWIV or not

Thus whether it would be numerically efficient compared to other

currently in use is not clear. In any case the results would probably

The necond alternative is probably more interestin~. The enersetir

●lectrons whether they are true hot electrons with a temperature moderately ahn~’t,

the background or simply the tail of a Maxwellinn as aug~ested hy Shva?t~,

2 will interact quite wenkly with ●ach other. The stronE Interactir?n 1<● t al.,

with a background plasma which will thermalize itself. Th~ls the prnhlem rema~n~

linear and the added ●ffects can be included by includinf! the temperature of t}),,,

background plasma in the collision frequencies and by retnininr, SOnIm of the ft?r”-.

neglected here.

This work was performed under the auspices of the l~nftsrl Stntcs ~epnrrml:lt

of Energy.
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PROGRAMHTRAN(TTY)
DIMENSION ITYPE(40),WORD(40),LINE(IO)
PARAMETER (NX=1OO,NV=5O)
PARMETER (NX2P1=FW*2+1,NVP1=NV+1)
DIMENSION F(NX2Pl,NVPl ),S(h%2Pl,NVPl ),XX(.2),VV(2)

DIFfENSION FO(NVP1)
DIMENSION LTITLE(2)

c
C INITIAL VALUES
c

VTH=l .

GE= .2
Gpm ~ .

ES-2.2
EP=3 .
ER-ES+EP+2,
HE!3=.5*E8
E09ES-3.
ENOR!!=-EO
xHAx-(3.*vTH)**HF8/soRT( .125*ER*GF*GP)
V!IAX=4.*VTH

S!wl=l .
PI=2.*A?IS( l.)

SQPI=SORT(PI)
SOZPI-SORT(2.*~1)

NXP:=NX+l
%X1-NY*2

Ilx=xmxlsx
~v.~~y/~\”

M 4 IV-l,h’T’Pl
\lm(IV-05)*~\’

4 FO(I\’)=ExP(-,5*(V/\’TH;** t)/(sn2Pl*\’TH)**3

DO R I=l,NVP1
DO R J=1,NX2P1

f! F(J,I)=O.
c

C EVALIIATE S(\’)
c

9

10
c

Do 9 I-l,s\’Pl

DO 9 J=i,NX2Pl
S(J,I)=O.

DO 10 lVfil,NV
v-(Iv-,5)*n\’
S(NXPl,YV)=~n( 1V)*V**2*SNll*2 ./(cl!*r)s)

C EVALUATE F(V)
c

M 110 T-l,NVP1
Do 110 J-1,NX2PI

110 F(J,l)=O.
l-)() 150 IV=l,hn
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120

130

140
150

155
c

V-(IV-l)*DV

VEo-( . 5* Dv)**Eo/(Eo+l . )
IF(IV. GE.2) VEO=V(*EO
DO 150 Il?=IV. NV
U-( IU-.5)*DV
FK=SQRT( . 375* E!3*GE*GP/( U** E8-V**E13) )
FK-VEO*DV*ERF (FK*.5*DX)
M 120 IX-I,NX2P1
F(IX,7V)=F(IX,IV)+FK*S(IX,IU)
Do 150 ZY”1,NX2
FK=SQRT(.375*Ed*GE*GP/(U**ER-V**E8 ))
FKnVEO*DV*.5*(ERF(FK*(Iy+. 5)*DX)-ERF(FK*(IY-. 5)*DX)]
~y-~2-Iy

DO 130 IX-l,NXY
F(IX,IV)=F(IX,IV)+FK*S( IX+IY ,11!)
NXY-IY+l
DO 140 IX=NXY,NX2P1
F(IX, IV)=F(IX,IV)+FK*S( IX-Iy ,11’)
CONTINUE
DO 155 IV-l,WP1
DO 155 IX-l,NY?pL
F(IX,IV)=AMAX1(O. , t’))

C ACCUWCY CHECK
c

160

170

171

172

c

SFDX=O .

SFDX’J=O.
SSDXV=O.

SVSDXI’=0.
DO 160 IX-1,NX2P1
SFDX=SFDX+F( IX,; )

SFDX=SFDX*DX*(EO+l .)*(, 5*DV)**(-EO)

DO 170 lV=l,NVP1
vm(Iv-l)*Dv

VEOI-(EO+l .)*( .5*DV)**(’-EO)

IF(IV.GE.2) VEOI-V**(-EO)
no 170 IX-1,NX2P1
SFDXV=SFDXV+VEOI*F( IX,lV)

SSDXv=SSDXV+S( lX,IV)
SVSPXV-SVSDXV+(V+. 5*PV)*S( IY,I\’!
SFDXV-SFDXV*DX*D\’

SSDXv=SSDXV*DX*PV
SVSI’)XV=SVSOXV*DX*DV

CHl=(SFDX-SSDXV)/SSDXV

CH2-(SFDXV-SVSDXV)/SVSDXV
URITE(-TTY”,171) CHI,CH2
FORMAT(’’I?JTEGRAL OPEWTOR ERROR CHECKS’”,2E12.3)
URITE(-mY-,172) SFDX,SSDXV, SFDXV,SVSPX\’

FORMAT(’’SUM$ IN CHECK’”, 2E12.3,5X,2E12.3)

C PLOT RES[JLTS
c


